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FIRST DETECTION OF PHASE-DEPENDENT COLLIDING WIND X-RAY EMISSION OUTSIDE THE MILKY WAY
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ABSTRACT

After having reported the detection of X-rays emitted by the peculiar system HD 5980, we assess here the
origin of this high-energy emission from additional X-ray observations obtainedXMti-Newton. This research
provides the first detection of apparently periodic X-ray emission from hot gas produced by the collision of winds
in an evolved massive binary outside the Milky Way. It also provides the first X-ray monitoring of a luminous
blue variable only years after its eruption and shows that the dominant source of the X-rays is not associated
with the ejecta.

Subject headings. Magellanic Clouds — stars: individual (HD 5980) — stars: winds, outflows —
stars: Wolf-Rayet — X-rays: binaries

Online material: color figures

1. INTRODUCTION can bring to light the actual properties of the hot gas produced
by the wind-wind collision. Most notably, phase-locked vari-

The most massive_ stars, which are also the most luminousaiions in the X-ray domain are produced by varying the sep-
(and for most of their lives the hottest) nondegenerate stellar5,4tion in eccentric binaries (which changes the intrinsic

objects, have a large impact on their host galaxies. For examplegyengih of the collision) or varying the line-of-sight opacity
throughout their evolution, these stars convert simple elements,¢ the stars revolve around each other: see e.g., HD 152248
into more complex elements, and they distribute them into SpPaceg7.5 il + O7 Ill, P = 6 days,e = 0.13- Sana et al. 2004)

by a complex process of mass loss. They are thus largely rey 93403 (05.5 N+ 07V P =15 day’se — 023 Rauw
sponsible for the chemical enrichment of the universe (Massey; 4 2002), WR 25 (WNé+ OP = ZOé days,e _ 0.5:
2003). Their intense, hot photon emission is also able to i0Nize 54 men et al. 2006: Pollock & Corcoran 2006)’ apid " Vel
the surrounding medium (leading to the formation of i¢gions) (WC7 + O7.5 Il P _ 79 dayse = 0.33; Schild et' al. 2004).

and to drive a continuous ejection of matter in the form of a Up to now, all studied X-ray colliding wind (XCW) systems
stellar wind. Finally, massive stars inject a large amount of me- belonged t’o our Galaxy—a few XCW candidates have been
chanical energy into their host galaxies, through, e.qg., supersonlcproposed in 30 Doradus, but solely on the basis of an X-ray

Wa'?.gi'légrgLengr?séem eé”g:ﬁ?:s (Ic')lje g;g;ea_?;mémps%is b;lrj_e overluminosity (Portegies Zwart et al. 2002), which is insuf-
\r/10\;a ex I([)sions]’(M.gége 2603))’ 9 y bu up ficient to ascertain the true nature of the emission. Studying
P y : the CW phenomenon in other galaxies can provide us with an

In massive early-type binaries, the supersonic outflow from . L .
one star coIIidesywi)t/rl? that of its compgnion This collision 'MPortant probe of the mass-loss process in different environ-
' ments with different metallicities.

provokes a strong heating of the shocked wind, leading to the ) . . i
emission of X-rays (see, e.g., Stevens et al. 1992). Hints of ”HD 5gﬁo’dth$ most ?r:acuhar nr;nassw? t?]tarlln the lSn;aII klﬂg?:
this high-energy phenomenon were already found two decade 4a6n|c O'Ut,dles'tfc:r]{h € _pe;lﬂpﬂ ery o N6€6 a}:g_e clus th |
ago, when the first X-ray observatories detected overluminos->+° a@ssociated with the giant iriregion Wob. 1 1S a multiple
system whose main component, star A, underwent two LBV-

ities in hot binaries (Pollock 1987; Chlebowski & Garmany ik . 110931994, i ing its brigh b
1991). However, since additional X-ray emission can have sev-'K€ €ruptions in —1994, increasing its brightness Dy up to

eral origins, not restricted to colliding winds (CWs), indisput- 3 Mg (Jones & Sterken 1997). Together with star B, believed
able observational evidence of CW X-ray emission had to await ©© P€ an early Wolf-Rayet star of the nitrogen sequence, it forms
the advent of a new generation of sensitive X-ray facilities @ close eclipsing binary system whose period is 19.3 days, whose
(ROSAT, Chandra, XMM-Newton). Indeed, only detailed spec- eccentricity is 0.3, and whose inclination is very close t6 90

troscopic investigations and careful monitoring in the X-rays (Stérken & Breysacher 1997). Using the ephemeris of the latter
authors, stars A and B eclipse their companiong at 0 and

) ] ) ) 0.36, respectively, whereas periastron and apastron occur at
! Based on observations collected wKNM-Newton, an ESA Science Mis-

sion with instruments and contributions directly funded by ESA Member States phases 0.09 and 0.59, respectively. A thl.rd stellar Ob.JeCt‘ star C
and the US (NASA). (probably an early O-type star), contaminates the light of the
2 Postdoctoral Researcher FNRS. system, but it is still unclear whether this star is just a line-of-
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TABLE 1
REsuLTS FROM THE XMM-NEWTON OBSERVING CAMPAIGN

Count RATE (1072 counts s%)

DURATION
REV. DATE (days) ) MOS1 MOS2 pn HR (MOS1)
0157...... 1835.245 0.245 0.37 826 085 6.95+ 0.79 14.92+ 1.47 —-0.46 = 0.06
0357...... 2234.643 0.322 0.10 3.08 054 254+ 0.60 6.41+ 1.16 —0.77 = 0.08
1093...... 3701.863 0.219 0.26 4.64 0.67 5.16+ 0.75 17.32+ 1.44 —-0.60 = 0.07
1094...... 3703.807 0.207 0.36 6.13 0.80 8.14+ 0.88 1741+ 1.45 -0.56 = 0.07
1100...... 3716.125 0.208 1.00 1.7& 0.73 2.60* 0.69 8.38+ 1.29 -0.80+ 0.10

NotEe.—Count rates were evaluated by the simplesgionalyse task and are given in the 1.5-10 keV band.
Hardness ratios (HR) are defined(es— M)/(H + M), witrandH the count rates in the 1-2 and 2-10 keV bands,
respectively. Phases refer to the ephemeris of Sterken & Breysacher (1997), while dates-ag4HD,000 days.

sight coincidence or an object gravitationally bound to the close AB binary), and the origin of the X-ray emission therefore
AB pair. The presence of an additional component (e.g., a closeremained uncertain. To resolve this, we acquired additional
orbiting neutron star) has been proposed, based on a 7 hr pemonitoring of HD 5980 withXMM-Newton.
riodicity seen in spectral and photometric variations and sto- This Letter is organized as followsn I8 2 wedescribe the
chastic polarimetry changes, but is still debated (see, e.g., Villar-observations, while in 8§ 3 and 4 we present the results of the
Shaffi et al. 2003). Moffat et al. (1998) infer the presence of a dedicatedXMM-Newton campaign and their interpretation, re-
wind-wind collision region in the AB system on the basis of spectively. h § 4 we give ourconclusions.
strong emission-line variability. From UV observations, Ko-
enigsberger et al. (2000) and Koenigsberger (2004) conclude 2. OBSERVATIONS AND DATA REDUCTION
that the orientation of the shock cone is such that it wraps around } .
star B, consistent with the notion that star A possesses the more During the past few years, HD 5980 was observed once with
powerful of the two winds. Chandrfi during 100 ks and flye timésvith XMM-Newton for

The detection of X-ray emission from HD 5980 was reported approximately 20 ks each time (see Table 1). For the latter
for the first time by Nazeet al. (2002). Short-term and long-  Observations, the three European Photon Imaging Cameras
term variations in X-ray brightness were detected (Netzal. (EPICs) were operated in the standard, full-frame mode (except
2002, 2004). However, these observations were not sufficientfor the first pn data set), and a medium filter was used to reject
to determine the nature of these variations (e.g., variationsoptical light. The observations sampled crucial phases of the
driven by changes in the shocked ejecta from the 1994 eruption, 19.3 day orbit (Fig. 1); moreover, the last three observations

or phase-dependent changes due to wind-wind collisions in thewere obtained during the same 19.3 day orbit of HD 5980. To
ensure a coherent reduction, we used the Science Analysis

System (SAS) software, version 7.0, to reprocess all X-ray data.
T ' ('b) T T After the pipeline chains, filters recommended by the SAS team
100 a) g=0.100 | $=026 were applied (see, e.g., Nageal. 2007). For consistency, no

1100 [ ,@.\ | additional temporal filtering was done.
\ W2 To eachXMM-Newton data set, we applied the SAS source
‘ : ; detection algorithmddetect_chain) in a region of 150
\® ] radius around HD 5980, in order to derive the best value of
' the centroid of the X-ray emission. Since HD 5980 appears
surrounded by a soft, X-ray—bright supernova remnant (SNR;
. Tk . \ - see Nazeet al. 2002), the detection was restricted to the 1.5
~ 0 o 100 o o 100 10 keV range, to minimize the contamination from this soft
, , , extended source. As a check, we compared the derived value
| () , @ $=0.38 | 100 |-(d) 0.0 of the coupt rate with the output of another algorithm (SAS
SN task eregionanalyse) that simply calculates the number
100 - 4 7 T of counts in the region considereaind corrects them only for
ol - the encircled energy fraction (about 0.8 in our case). Within
/ \ / the error bars, both methods agree with each other, so we only
30 . 1 present the results from the latter (see Table 1).
1100 [ ’@} -
= 3. RESULTS

-100 |-, \ \ - [ . .
—1|00 (I) u')o —1|oo cl; u')o It must first be noted that twXMM-Newton data sets were

taken, intentionally, at the same phage{0.36 ). Although these
Distance (R,) two observations were obtained durdigyM-Newton revolutions
0157 (2000 October) and 1094 (2005 November), i.e., separated

-100 - -

Distance (R,)

Fic. 1.—Representation of geometry of HD 5980’'s wind-wind collision
region at the four orbital phases for whiddMM-Newton data are available.
The shape of the shock surfaces was computed under the thin shock approx- ° A sixth observation taken during revolution 0970 was strongly affected

imation (Cantoet al. 1996) and assuming th, = 1 x 10* Mg yr, by a flare, rendering the data unusable.

Mg =2 x 10° Mg yr'%, v,(A) = 2000km s, andv.(B) = 2600 km s™. “We used a 25region centered on HD 5980, together with a background
The dashed circle around star A represents the extent of the wind-acceleratingegion of the same area but offset from HD 5980 by &ast in R.A. (or
region (Koenigsberger et al. 20065ef the electronic edition of the Journal —2040 pixels inX) and 82 south in decl. (or—1640 pixels inY). Using an

for a color version of this figure] annular background region yields the same results, although noisier.
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problems), it must be noted that the variations measured by
Chandra confirm the trend seen byMM-Newton. During the
100 ks of theChandra observation, the count rate clearly in-
creased from 2 to 4« 102 counts s* in the 0.3—-10 keV band
(NaZeet al. 2002) or from 1 to 2x 102 counts s* in the
1.5-10 keV band (Fig. 2). These data covered phases ranging
from 0.24 to 0.30. In this interval, thEMM-Newton EPIC-
MOS light curve predicts an increase-ef x 10° counts s*
in the count rate. Simulations made with PIMR&edict the
EPIC-MOS andChandra count rates to be similar in this energy
range for a large range of spectral parameters: the variations
observed by the two X-ray facilities are thus fully compatible.
Finally, we investigated the X-ray spectrum of HD 5980. Of
course, the faintness of this distant source and the contamination
at low energies by the superposed SNR prohibit any detailed
study. However, since the spectral properties of the SNR con-
tamination can be determined thanks to the high-resoliian-

dra data of Nazeet al. (2002), a first, general spectral evaluation
can be made: our data only reveal a clear, usable excess at high
energies for revolutions 0157, 1093, and 1094 (i.e., when HD
5980 is the brightest). This high-energy emission was fitted by
an absorbed, optically thin plasma model (MEKAL, in Xspec
ver. 11.2.0): compared to the spectral properties reported by Naze
et al. (2002), only changes of the flux level were detected; within
by 5 years or 97 orbital revolutions of the AB system, they present the confidence intervals, the absorption and temperature do not
very similar values for the count rate of HD 5980 (Fig. 2 and seem to vary in a significant way. However, it must be noted
Table 1). This means that posteruption, epoch-dependent variationghat the spectra are rather noisy and that only large variations
are minimal. Indeed, if a significant part of the X-ray emission would be detected.
came from the collision of the fast wind with the slower ejecta
associated with the 1994 eruption, a monotonic decrease in the
X-ray brightness and a decline in the X-ray temperature with time
would be expected as this interaction zone expands and cools. The The observed variations of the X-ray emission from HD 5980
signature of this slow/fast wind interaction zone was detected ascan be qualitatively explained by considering the geometry of
discrete Sitv absorption components at680 km s* in 1999, the CW region in the close AB binary.
only 1 year before the first X-ray observation, accelerating&h0 The change in the X-ray flux could be related to absorption.
km s *in 2000 (Koenigsberger et al. 2000, 2001) and disappearingIndeed, at phases close to 0.36, the opening of the shock cone
by 2002. OurXMM-Newton observations, however, indicate that is directed toward the observer, and the X-ray emission of the
any observable X-ray emission in the 0.5-10 keV band from this CW region is thus seen through the lower density wind of star
interaction is minimal. B (Koenigsberger 2004 and Fig. 1). The lower absorption re-
Second, coherent variations with phase are now clearly de-sults in an increase of the observed X-ray luminosity. At other
tected, with X-ray emission steadily increasing towarc= phases, the very dense, slower wind of star A strongly absorbs
0.36 (Figs. 2 and 3). At that time, the emission also appears at least part of the CW emission. Such a scenario has been
slightly harder, although we cannot exclude a constant valueproposed to explain the behavior of the WIRO binary v?
of the hardness ratio at the2level. This bright phase cor- Vel (Schild et al. 2004). If the X-ray light curve of HD 5980
responds to the eclipse of star A by its companion, i.e., whenis symmetric with a peak at = 0.36 , the width of the light
the opening of the shock cone, slightly concave with respectcurve can be estimated to FWHM: 0.26 in phase, which
to star B, is directed toward the observer (Fig. 1). corresponds to a half-opening angle of the shock abrd
Although we cannot directly compare thghandra and about 48 (Willis et al. 1995) and a momentum ratio of 3—4
XMM-Newton total count rates (because of background con-
tamination, different spatial resolution, and cross-calibration

Fic. 2.—Bottom panels: Evolution of the count rates and hardness ratios
with phase fromXMM-Newton observations (see definitions in Table Tpp
panel: Count rate of HD 5980 measured during the 100Ck&ndra obser-
vation, in the same energy ban@e¢ the electronic edition of the Journal for
a color version of this figure)]

4. DISCUSSION

5 See http://heasarc.gsfc.nasa.gov/Tools/w3pimms.html.

-~ HD5980 in 0.5—10 keV

8 RO T T —

S IO 0357, $=0.10 1093, $=0.26 1094, ¢=0.36 0157, ¢$=0.37 1100, ¢=1.0
30

-

s 1988 » ’ ' L ’»

) .11.00.

= —721130 E | | |

(&}

2 1"0™M0% 40°% 20°59M0°

Right Ascension (J2000)

Fic. 3.—Combined MOS images of the area surrounding HD 5980 in the 0.5-10. keV energy range. The data have been binned to get figeld thfed.5
smoothed with a Gaussian ef = 3 pixels.
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(Stevens et al. 1992), suggesting that the wind of star A is eventhat star A’'s wind has mainly changed in the direction perpen-
stronger than shown in Figure 1. dicular to the orbital plane rather than in the direction of the
However, the available observations do not yet enable us toorbital plane, as might be expected if the mass loss from star A
ascertain that the maximum brightness really occurs at/nearis not spherically symmetric (Villar-Sbaffi et al. 2003). Note,
¢ = 0.36 For example, it is conceivable that the count rate however, that the observed P Cygni UV absorption lines indicate
actually continues to increase beyond this phase, e.g., to peakhat at least some of star A's wind variation occurred near the
at apastron. A similar variation, proportional to the separation orbital plane (Koenigsberger 2004 and references therein).
between the stars rather than inversely proportional, was ob-
served for Cyg OB2 8A (06 # O5.5 1ll, P = 22 dayse = 5. SUMMARY AND CONCLUSIONS
0.24; De Becker et al. 2006). In that case, the variation is
explained by a sudden decrease in the wind velocity at per-
iastron because of a strong radiative inhibition/braking or as a
result of perturbations associated with tidal bulge interactions.
For HD 5980, such changes of the wind velocity would mean
that the X-ray emission should not only be stronger but also

harder toward apastron, as suggested by the available data. emission is expected to monotonically and rapidly decrease

To distinguish between these two scenarios, additional X- ~. >~ S
ray observations are necessary in order to complete the IightWIth time. Because individual quf-Rayet stars gan_d LBVs are
curve near apastron. This would enable us to notably determine®™lY Weak X-ray sources, the high-energy radiation must be
the position of the brightness peak (apastron or eclipse of Aassomated with the wind-wind collision in the close-B pair,

by B?) and the exact shape of this increase. A detailed spectrafl fact further supported by the detection of phase-dependent

analysis is also needed, but it requires better spatial resolutionChanges' This is the first time that the presence of X-ray—

than that ofXMM-Newton in order to cleanly disentangle HD ~ €Mitting gas produced by the collision of winds in a binary
5980 from the superposed SNR, therefore permitting access tdqas been confirmed outside our Galaxy.

the lower energy range, which is more affected by the absorp- , e X-ray emission of HD 5980 appears modulated with
tion variations. phase; a clear increase is observed toward the time of the eclipse

In addition, hydrodynamical modeling of the fast-wind/slow- of star A by its companion. This can be due either to the lower

wind interaction region and the CW area should be unolertakenabsorption inside the shock cone (a situation reminiscent to

: ; : .~ that ofy? Vel) or to a lower wind velocity at periastron (similar
to quantify their respective strength and expected modulation. d e
In this context, the lack of strong secular variations over 5 yearsto the behavior of Cyg OB2 8A). Additional data and hydro-

is rather puzzling, since, during this interval, the wind density dynamical modeling are now needed to further distinguish be-

of star A changed, as witnessed in the UV and optical emissiontWeen these two scenarios.
lines (Koenigsberger 2004). However, the X-ray luminosity (in
the radiative limit) goes as, oc Mv?  (Stevens et al. 1992), and
since the eruption the terminal velocity of the wind of star A
has increased from about 600 to about 2000 ki(KKoenigs-

berger 2004), which offsets the order-of-magnitude decline in GSFC. G. K. acknowlgdges support frpm D.GAPA/PAP”T IN
the mass-loss rate over that interval. On the other hand, thet19205. A. F. J. M. is grateful for financial support from
relative constancy of the X-ray brightnessfat= 0.36 , despite NSERC (Canada) and FQRNT (Quebec).

a significant decline in the mass loss from star A, might indicate Facilities. XMM-Newton (EPIC), CXO (ACIS).

An XMM-Newton monitoring campaign of the peculiar mas-
sive binary HD 5980 has unveiled the variations of its X-ray
emission. As two observations taken 5 years apart (a separation
of more than 90 binary orbits!) present similar count rates, the
main source of X-rays cannot be the fast-wind/slow-wind in-
teraction following the LBV-like eruption of star A, since its

Y. N. acknowledges support from the Fonds National de la
Recherche Scientifigue (FNRS, Belgium), the PRODEYM
and INTEGRAL contracts, and the visitor's program of the
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